A newly designed oxime based probe, 2,4-dihydroxyacetophenone-oxime (DHAO), was found to recognize H2AsO4 Keywords Oxime-imine based turn-on fluorescent sensor, selective detection of arsenate ion, DFT calculations, intracellular imaging
Introduction
Arsenic (As), a highly toxic element, present mainly in natural waters, is recognized to be responsible for serious health problems with an increased risk of liver, bladder and lung cancer [1] [2] [3] [4] and also related to cardiovascular disease, dermal toxicity, and various neurodegenerative disorders. 5, 6 Of the various sources of arsenic in the environment, drinking water probably poses the greatest threat to human health. It is mostly found in inorganic forms as oxyanions of trivalent arsenite (As III ) or pentavalent arsenate (As   V   ) . 7, 8 In mammals, As III (OH)3 shows a strong affinity towards thiol containing biomolecules such as cysteine and glutathion 9, 10 leading to disruption of enzyme activity of pyruvate dehydrogenase [11] [12] [13] [14] whereas HAs V O4 2-interrupts the Kreb's cycle affecting the conversion of ATP to ADP 15 by permanent replacement of phosphate groups by arsenate. 16 Due to these various malicious effects of As on human health, the U.S. EPA and the WHO were forced to lower the maximum contaminant level (MCL) for As in drinking water from 50 to 10 ppb in 2001, 17 which urges researchers to develop newer and more effective techniques for monitoring arsenic in biological and environmental samples.
Out of various instrumental methodologies like hydride generative inductively coupled plasma atomic emission spectrometry (HG-ICP-AES), capillary electrophoresis inductively coupled plasma mass spectrometry (CE-ICP-MS), high performance liquid chromatography-inductively coupled plasma mass spectroscopy (HPLC-ICP-MS), [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and fluorescence method, the last one is well recognized to be less expensive, non-destructive, easy to operate and ensuring a low detection limit. All these factors make this method very attractive in environmental chemistry, medicine and biology, [30] [31] [32] [33] [34] offering a promising approach for fast and simple tracking of As species in real samples. On the other hand, the colorimetric Gutzeit method 35 involves the reduction of all the As-species to AsH3 by a strong reducing agent that is subsequently reacted with mercuric bromide to produce a colored salt, however, serious limitations arise from its highly toxic nature.
In continuation to our research endeavor for sensing arsenic species in aqueous solution 36 herein, we report an oxime-imine based turn-on fluorescence sensor, DHAO, which selectively detects H2AsO4 -, in both intra and extracellular conditions, over the other important anions and cations in the purely aqueous medium. Most of the previously reported arsenic sensors [37] [38] [39] [40] [41] are based on Schiff-base ligands which suffer from hydrolytic decomposition in aqueous or mixed aqueous solvents. 38 However, it is well recognized that oximes are fairly stable both in organic and aqueous medium and seems to allow for a more effective sensor for such hazardous ions.
Experimental

Materials and methods
The starting materials such as hydroxylamine hydrochloride (Sigma Aldrich) and 2,4-dihydroxyacetophenone (Merck, India) were of reagent grade and used directly for the preparation of the ligand. Analytical grade NaH2AsO4 (Merck) was used for all measurements. Solvents including ethanol (Merck) were of reagent grade and dried before use.
Physical measurements
Infrared spectra (400 -4000 cm -1 ) were recorded in a liquid state on a Nicolet Magna IR 750 series-II FTIR spectrometer. 1 H-NMR spectra were recorded in DMSO-d6-D2O on a Bruker 300 MHz NMR spectrometer using tetramethylsilane (δ = 0) as an internal standard. ESI-MS + (m/z) of the ligand and H2AsO4 -adduct were recorded on a Waters' HRMS spectrometer (Model: XEVOG2 QTof ). UV-Vis spectra were recorded on an Agilent diode-array spectrophotometer (Model Agilent 8453). The steady-state emission and excitation studies were performed on a PTI QM-40 spectrofluorometer. The quantum yields were determined by using quinine sulfate (Φf = 0.54 in 0.1 M H2SO4) as a standard. Fluorescence lifetimes were determined by following time-resolved intensity decay by the time correlated single-photon counting method, using a nanosecond diode laser at 370 nm (IBH, nanoLED-03) as the light source.
DFT calculations
Ground state electronic structures of free DHAO and its adduct, DHAO-H2AsO4 -, have been optimized by DFT 42 method associated with the conductor-like polarizable continuum model (CPCM) [43] [44] [45] in a Gaussian 09W software package.
46-48
Becke's hybrid function 49 along with the Lee-Yang-Parr (LYP) correlation function 50 were used throughout the study. The geometries of the ligand and complex were fully optimized without any symmetry constraints. On the basis of the optimized ground state geometries, the absorption spectral properties of pure ligand DHAO and its H2AsO4 -adduct (1) in aqueous medium were calculated by time-dependent density functional theory (TDDFT). 51 Lowest 40 singlet-singlet transitions were computed and the results of TD calculations were found to be qualitatively very similar. The 6-31G basis set under B3LYP was used for all the atoms (As, C, H, N and O) for the optimization of ground state geometries. Gauss Sum 2.1 program 52 was used to calculate the molecular orbital contributions from groups or atoms.
Synthesis and characterization of DHAO
To a solution of 2,4-dihydroxyacetophenone (0.76 g, 5 mmol) in ethanol (60 mL), NH2OH·HCl (0.69 g, 10 mmol) in 20 mL of water was added with stirring. Na2CO3 (1.0 g, 10 mmol) in 20 mL of water was then added to it and the resulting mixture was heated at 80 C. The progress of the reaction was monitored by TLC (solvent: 1/1, hexanes/EtOAc) and found to be completed within 3 -5 h (Scheme 1). The reaction mixture was filtered through a celite bed and a solid, precipitated out upon subsequent concentration, was collected by filtration. Recrystallization from methanol yielded needle like crystalline material. .
Solution preparation for UV-Vis and fluorescence studies
Details of solution preparation for both UV-Vis and fluorescence titrations are described in SUP DATA.
Cell culture and cell cytotoxicity assay
The HepG2 cell lines were purchased from the National Center for Cell Science, Pune, India and cultured using the protocol described elsewhere. 36, 53 To determine % cell viability of ligand DHAO, MTT assay 54 was performed on HepG2 cells (1 × 10 5 cells/well).
Results and Discussion
UV-Vis absorption studies
The electronic absorption properties of DHAO (H2L, 1) were investigated in 10 mM HEPES buffer at pH 7.2 ( Fig. 1) . The absorption spectrum of the free ligand consists of two absorption bands at 300 and 265 nm, assigned as n-π* and σ-π* transitions, respectively. On gradual addition of H2AsO4 -the absorbance of compound 1 at 265 nm decreases, while, the band at 300 nm gradually shifted to 330 nm.
Fluorescence measurements
Photo-physical properties of DHAO were studied in water in the presence of 10 mM HEPES buffer at pH 7.20. DHAO showed an absorption band at ~265 and 330 nm and a weak blue emission centered at ~450 nm (λex = 340 nm), attributed to twisted intra-molecular charge transfer (TICT) process with quantum yield of 9.8 × 10 -3 at room temperature. Addition of H2AsO4 -to DHAO afforded 3 times enhancement of the emission intensity (Fig. 2) . Quantum yield of the resultant system was found to be 11.4 × 10 -3 . Fluorescence titration for the interaction between DHAO and 
H2AsO4
-showed a turn-on response. A plot of fluorescence intensity vs. [As V ] yields a non-linear curve of decreasing slope that was solved by using Eq. (1), 36 where a and b are the fluorescence intensities in the absence and presence of excess metal ions, respectively, c (= K) is the formation constant and n is the stoichiometry of the reactions.
The corresponding evaluated values are: c = K = (2.097 ± 0.536)× 10 4 M -1 , n = 1.00. Job's plot revealed a 1:1 (= DHAO: H2AsO4 -) stoichiometry (Fig. S4 , Supporting Information) and is in conformity with that obtained from fluorescence titration results.
In order to strengthen the above mechanism, 1 H NMR titration was performed by concomitant addition of H2AsO4 -to DHAO solution in DMSO-d6-D2O mixture (Fig. 3) . This clearly showed the protons of oxime-OH and phenolic-OH of the free ligand were shifted down field and broadened, in the presence of equimolar amounts of H2AsO4 -and DHAO. However, these peaks vanished completely on adding excess of H2AsO4 -(1.5 times), suggesting their involvement in bonding towards H2AsO4 -. These observations lead us to conclude that both oxime -OH and phenolic-OH are participated in the intermolecular hydrogen bonding with H2AsO4 -. Azomethine proton remains almost unchanged due to non-participation. Other chemical shifts are listed in Table S1 (Supporting  Information) .
Selectivity studies
The (Fig. S3 ). 
pH study
The pH-titration of the probe (20 μM) in the absence as well as presence of H2AsO4 -(30 μM) showed that DHAO fluoresces rather very weakly between pH 2 and 8 while DHAO-H2AsO4 -fluoresces remarkably between pH 2 and 10. This clearly indicates that the probe is quite suitable for monitoring the dynamic concentration of H2AsO4 -in biological samples under physiological conditions (Fig. 5) . At pH ~2.0 both the probe DHAO (H2L) and H2AsO4
-(H3AsO4) are fully protonated, thereby very weak or no H-bonding interaction persists, resulting in a very weak fluorescence, characteristic of the free ligand. On increasing the pH of the medium, initially H3AsO4 undergoes proton dissociation to form H2AsO4 -thereby increasing the H-bonding interactions and hence FI. This is persistent up to pH 10.0. Beyond this pH the phenolic and/or oxime proton(s) are removed, thereby lowering the number of H-bonding interactions and hence FI.
Geometry optimization and electronic structure
The ground state geometry optimization of DHAO (H2L) and its arsenate adduct (1) (Fig. 6 ) were performed in a gas phase, which showed that both of them have C1 point group. The 1:1 adduct was adopted based on the experimental observations. It is interesting to note that the free ligand itself is intramolecularly H-bonded through phenolate-H and oximato-N with Ph-O-H···N(OH) = 1.689 Å. In the DHAO-H2AsO4 -adduct, the phenolate-O showed bifurcated hydrogen bonding with two -OH groups of H2AsO4 -while the As=O oxygen formed stable H-bond with the oximato-H. However, it is to be noted that though we started with DHAO and H2AsO4 -, the phenolate-H is transferred to the O -atom of (OH)2As(=O)O -to form a phenolate-O···HO(H2AsO3) H-bond. In the adduct (1), all the H-bonding distances fall in the range 1.457 -1.778 Å.
The HOMO-LUMO energy difference is 4.640 eV for the free ligand (DHAO) and decreases to 4.525 eV in the DHAOH2AsO4 -adduct (Fig. 7) , giving rise to a more stable species produced by binding with guest (H2AsO4 -) through H-bonding interactions.
In case of adduct (1), all the LUMO, HOMO and HOMO-1 orbitals showed significant contributions from ligand's π and π* orbital, while in case of HOMO-2 and LUMO+1, contribution comes from ligand π orbital along with the metal orbitals. The adduct (1) shows two absorption bands at 330 and 265 nm in aqueous medium at room temperature while the corresponding TDDFT calculated absorption bands appear at 344 and 269 nm for the adduct (Fig. 8) , which are in good agreement with experimental ones (Table 1) . These two absorption bands can be assigned to the S0 → S8 and S0 → S19 transitions, respectively. The lifetime of the species formed in the excited state were measured by monitoring the emission at their corresponding steady-state emission wavelengths and the evaluated values for τ1, τ2 and τav were 2.92, 7.67 and 5.25 ns for the free DHAO and 3.21, 8.33 and 6.05 ns for the adduct 1 (Fig. 9) . The increase in lifetime of the adduct compared to the free ligand certainly indicates that there is complex formation between DHAO and H2AsO4 -through H-bonding and stabilizes the probe in the excited state than that in case of the free ligand.
Cell imaging studies by fluorescence microscope
HepG2 cells were cultured and incubated in a 35 × 10 mm culture dish over coverslip for 24 h at 37 C. These HepG2 cells were allowed to incubate with 10 μM of DHAO for 30 min at 37 C. After incubation, cells were washed twice with 1× PBS and coverslip containing HepG2 cells were mounted over the slide. Bright field and fluorescence images of HepG2 cells were taken by fluorescence microscope (Leica DM3000, Germany) with an objective lens of 100× magnification.
Likely, fluorescence images of HepG2 cells were taken separately from another set of experiments where cells were pre-incubated with 10 μM H2AsO4 -for 4 h at 37 C followed by washing of cells two times with 1× PBS and addition of 10 μM of DHAO and incubated for 30 min at 37 C. The cells when incubated with 10 μM of DHAO alone exhibited no intracellular fluorescence (Fig. 10) , however intracellular blue fluorescence was observed when DHAO forms adduct with intracellular H2AsO4 - (Fig. 10 ). This suggests that H2AsO4 -form the stable complex with DHAO in HepG2 cells with excellent blue fluorescence. Hence, the present ligand may be applied as a highly sensitive sensor at the cellular level of H2AsO4 -.
Conclusion
We have synthesized a novel oxime-based selective fluorescent probe DHAO for monitoring H2AsO4 -in a purely aqueous medium. Cell permeability and non-or negligible cytotoxicity facilitate the intracellular monitoring of these species by blue emission. DFT calculations and NMR studies reveal that there is strong intramolecular H-bonding between phenolate-H and oximato-N with Ph-O-H···N(OH) = 1.689 Å in the free probe. In the case of the DHAO-H2AsO4 -adduct, the phenolate-H is transferred to the O -atom of (OH)2As(=O)O -to form phenolate-O···HO(H2AsO3) H-bond with distances falling in the range 1.457 -1.778 Å. Both DHAO and H2AsO4 -were found to penetrate the cell membrane of HepG2 cells and deemed suitable for monitoring the intracellular H2AsO4 -without severe cell cytotoxicity at 10 μM concentration for 24 h of exposure.
Supporting Information
Mass spectra of DHAO and the adduct, -for 4 h at 37 C, followed by washing with 1× PBS and treatment with DHAO for 30 min at 37 C. The image shows the strong blue fluorescence when DHAO form complexes with intracellular H2AsO4
-by using fluorescence microscopy.
JOB's plot, infrared spectrum for both ligand and adduct etc. are given in Supporting Information. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
